Featured Application: The proposed phase shifter in the article can be used in millimeter wave and THz reconfigurable reflectarray antenna.
Introduction
The liquid crystal (LC) based reflectarray antenna is a common reconfigurable reflectarray antenna type [1] [2] [3] [4] . This antenna type is widely used, especially at frequencies over 60 GHz [5] [6] [7] . Due to the advantages of a low profile, simple structure, and easy fabrication, the liquid crystal based reflectarray antennas have been discussed by many researchers, especially for the applications in the millimeter-wave and THz frequency ranges [8, 9] . Hu et al., proposed a single resonant square patch reflectarray antenna, which had the capability of a phase shift of 180 • [10] . To improve the phase and bandwidth capability, Perez Palomino et al., proposed the multi-resonant unit cells for a reconfigurable reflectarray antenna [11] . This antenna uses triple rectangular dipole patches placed in a parallel to achieve a large bandwidth while achieving a phase shift of more than 360 • . Bildik et al., proposed rectangular elements achieved a phase shift of 546 • at 77 GHz [12] . In [9] , a tunable 2π LC phase shifter was reported at 357 GHz by using 40 V driving voltage. However, due to the small size of a dipole antenna, the coverage of the metal is insufficient. When a bias voltage is applied to a dipole, the orientation of the liquid crystal is uneven which compromises the accuracy. This problem exists in a series of the LC-based electrically tunable devices, including the absorbers, phase shifters, filters, etc., where the uneven liquid crystal layer is usually replaced by the equivalent dielectric constant, but that causes the difference between the actual and simulation values. Many methods were 
Design and Simulation
The nematic LC is an anisotropic material, which can be explained by its rod-like molecular structure. The electromagnetic properties of the LC, such as relative permittivity and loss tangent, depend on the LC molecules [17] . The orientation of LC molecules can be coordinated by the align layer and the external electric field. In the align layer, the grooves were created along a certain direction by mechanical friction, and the liquid crystal molecules are parallel to the groove under the groove anchoring energy. As shown in Figure 1a , the liquid crystal molecules' orientation is parallel to the y-axis. If an external electric field is added, the orientation of the molecules will be forced parallel to electric field direction. By adjusting the external electric field, the relative permittivity of LC can be continuous controlled and resonant frequency of unit cells simultaneous changed. Many electrically tuned devices based on LC technology have been reported, such as phase shifters [18, 19] , absorbers [20, 21] , and filters [22] [23] [24] . were reported to improve accuracy. A block separately module was proposed in [13] , to improve the design accuracy by dividing different copper layers of the liquid crystal layer into several regions, achieving the sub-regional simulation, but such a design requires a more complex design process. Graphene material was also used to reduce the inhomogeneity of the static electric field [14] . Lei Wang et al. used the few-layer porous graphene to generate the uniform static field and achieve a THz absorber [15] . However, the disadvantage is that it is impossible to control the voltage of each line.
Motivated by the previous works, we propose an LC-based electrically tunable slot phase shifter. The proposed slot unit cell phase shifter for the reflectarray system is designed, fabricated and tested. The electromagnetic reflecting characteristics of the reflectarray system are simulated and analyzed. It is proven that the proposed structure has the advantage of providing a more homogeneous static electric field. The comparison of the proposed phase shifter performances with the mentioned phase shifter are tabulated in Table 1 . Due to the large patch area, the achieved saturation reduced the bias voltage by 50% compared with the previously reported ones. The performance of the proposed phase shifter is validated by the array consisting of 30 × 30 unit cells. In the experiments, a liquid crystal is employed to provide the tunable phase-shifting unit cells in the F frequency band. The results show that the proposed spatial phase shifter provides the phase shift and continuous tunability over a broad frequency range. 
The nematic LC is an anisotropic material, which can be explained by its rod-like molecular structure. The electromagnetic properties of the LC, such as relative permittivity and loss tangent, depend on the LC molecules [17] . The orientation of LC molecules can be coordinated by the align layer and the external electric field. In the align layer, the grooves were created along a certain direction by mechanical friction, and the liquid crystal molecules are parallel to the groove under the groove anchoring energy. As shown in Figure 1a , the liquid crystal molecules' orientation is parallel to the y-axis. If an external electric field is added, the orientation of the molecules will be forced parallel to electric field direction. By adjusting the external electric field, the relative permittivity of LC can be continuous controlled and resonant frequency of unit cells simultaneous changed. Many electrically tuned devices based on LC technology have been reported, such as phase shifters [18, 19] , absorbers [20, 21] , and filters [22] [23] [24] . As shown in Figure 1a , the proposed three-dimensional phase shifter. The unit cell is formed by two quartz plates (ε r = 3.75; tanδ = 0.002), which are separated by the polystyrene microspheres and contain a 45 µm-thick LC. The copper patches which are printed on the quartz by evaporation method, have a conductivity of 5.8 × 10 7 S/m and thickness of 500 nm. As shown in Figure 2 , the reflection coefficients of the phase shifter have been simulated at different conductivity. It can be seen that reflection losses will increase as the metal conductivity decreases. Moreover, the thin polyimide (PI) layer is spin-coated on the copper surface to align the direction of unbiased LC molecules. The LC mixture (HFUT-HB01) is used in simulation and design. Its ordinary, extraordinary refractive indices are about 1.58 and 1.92 at 125 GHz, measured by terahertz time domain spectroscopy, as shown in Figure 3 . Where its relative permittivity in the unbiased state (ε ⊥ ) and the fully biased state (ε // ) was set to 2.47 and 3.6, respectively [9] . In the simulation, the loss tangent of the LC layer was set to 0.02. In each row all the cells are separated by an isolation slot to realize one-dimensional scanning. Figure 1b shows the geometrical dimensions of the resonant layer. The metal layer was separated by a 127 µm void at the x-axis. The list of the unit cell (along the x-axis) was connected, with the same bias voltage, and provided the same phase shift. The phase of the reflected wave is being adjusted at each row element, and a beam directing in the angle of θ can be obtained in the far field as shown in Figure 4 .
As shown in Figure 1a , the proposed three-dimensional phase shifter. The unit cell is formed by two quartz plates (εr = 3.75; tanδ = 0.002), which are separated by the polystyrene microspheres and contain a 45 μm-thick LC. The copper patches which are printed on the quartz by evaporation method, have a conductivity of 5.8 × 10 7 S/m and thickness of 500 nm. As shown in Figure 2 , the reflection coefficients of the phase shifter have been simulated at different conductivity. It can be seen that reflection losses will increase as the metal conductivity decreases. Moreover, the thin polyimide (PI) layer is spin-coated on the copper surface to align the direction of unbiased LC molecules. The LC mixture (HFUT-HB01) is used in simulation and design. Its ordinary, extraordinary refractive indices are about 1.58 and 1.92 at 125 GHz, measured by terahertz time domain spectroscopy, as shown in Figure 3 . Where its relative permittivity in the unbiased state (ε⊥) and the fully biased state (ε//) was set to 2.47 and 3.6, respectively [9] . In the simulation, the loss tangent of the LC layer was set to 0.02. In each row all the cells are separated by an isolation slot to realize one-dimensional scanning. Figure 1b shows the geometrical dimensions of the resonant layer. The metal layer was separated by a 127 μm void at the x-axis. The list of the unit cell (along the x-axis) was connected, with the same bias voltage, and provided the same phase shift. The phase of the reflected wave is being adjusted at each row element, and a beam directing in the angle of θ can be obtained in the far field as shown in Figure 4 . As shown in Figure 1a , the proposed three-dimensional phase shifter. The unit cell is formed by two quartz plates (εr = 3.75; tanδ = 0.002), which are separated by the polystyrene microspheres and contain a 45 μm-thick LC. The copper patches which are printed on the quartz by evaporation method, have a conductivity of 5.8 × 10 7 S/m and thickness of 500 nm. As shown in Figure 2 , the reflection coefficients of the phase shifter have been simulated at different conductivity. It can be seen that reflection losses will increase as the metal conductivity decreases. Moreover, the thin polyimide (PI) layer is spin-coated on the copper surface to align the direction of unbiased LC molecules. The LC mixture (HFUT-HB01) is used in simulation and design. Its ordinary, extraordinary refractive indices are about 1.58 and 1.92 at 125 GHz, measured by terahertz time domain spectroscopy, as shown in Figure 3 . Where its relative permittivity in the unbiased state (ε⊥) and the fully biased state (ε//) was set to 2.47 and 3.6, respectively [9] . In the simulation, the loss tangent of the LC layer was set to 0.02. In each row all the cells are separated by an isolation slot to realize one-dimensional scanning. Figure 1b shows the geometrical dimensions of the resonant layer. The metal layer was separated by a 127 μm void at the x-axis. The list of the unit cell (along the x-axis) was connected, with the same bias voltage, and provided the same phase shift. The phase of the reflected wave is being adjusted at each row element, and a beam directing in the angle of θ can be obtained in the far field as shown in Figure 4 . The static electric field, which is distributed among the LC layer, is the most important characteristic of the LC tuned devices. We simulated the electric field's direction and strength using the external electric field. The magnitude and direction of the external electric field in the center of x-axis cutting plane, when the 10 V voltage was applied to the two metal layers is shown in Figure 5 . The electric field magnitude is defined by a color bar. The comprehensive analysis of the electric field direction and strength was conducted, and as it can be seen in Figure 5 , after applying a bias voltage, the electric field in the LC layer was mostly uniform and parallel to the z-axis, and LC molecules' direction was parallel to the z-axis. 
Experiments and Discussion
In this section, we experimentally validate the proposed phase shifter. The performance of the proposed LC-based phase shifter was analyzed by numerical finite difference time domain (FDTD) simulation. The prototype was fabricated by the ultraviolet light photoetching combined with the wet etching. The fabrication process consisted of the vacuum copper plating, photoresist spin coating, exposure, development, and wet etching. The sample and microscope image of the unit cell are shown in Figure 6 , where it can be seen that the sample consisted of a 30 × 30 unit cells, printed on the 40 × 40 mm 2 area on a quartz substrate with the thickness of 520 mm and thickness tolerance of ±10 μm. The unit cell structure had a dimensional tolerance of ±4 μm on the wide side and ±1 μm on the narrow side. The measurement setup used in the experiments is shown in Figure 7 . An Agilent N5224A vector network analyzer (Keysight Technologies, Inc., Santa Rosa, CA, USA) with N5262AW08 extender (Virginia Diodes, Inc., Charlottesville, VA, USA) was used to measure the spectral response The static electric field, which is distributed among the LC layer, is the most important characteristic of the LC tuned devices. We simulated the electric field's direction and strength using the external electric field. The magnitude and direction of the external electric field in the center of x-axis cutting plane, when the 10 V voltage was applied to the two metal layers is shown in Figure 5 . The electric field magnitude is defined by a color bar. The comprehensive analysis of the electric field direction and strength was conducted, and as it can be seen in Figure 5 , after applying a bias voltage, the electric field in the LC layer was mostly uniform and parallel to the z-axis, and LC molecules' direction was parallel to the z-axis. The static electric field, which is distributed among the LC layer, is the most important characteristic of the LC tuned devices. We simulated the electric field's direction and strength using the external electric field. The magnitude and direction of the external electric field in the center of x-axis cutting plane, when the 10 V voltage was applied to the two metal layers is shown in Figure 5 . The electric field magnitude is defined by a color bar. The comprehensive analysis of the electric field direction and strength was conducted, and as it can be seen in Figure 5 , after applying a bias voltage, the electric field in the LC layer was mostly uniform and parallel to the z-axis, and LC molecules' direction was parallel to the z-axis. 
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In this section, we experimentally validate the proposed phase shifter. The performance of the proposed LC-based phase shifter was analyzed by numerical finite difference time domain (FDTD) simulation. The prototype was fabricated by the ultraviolet light photoetching combined with the wet etching. The fabrication process consisted of the vacuum copper plating, photoresist spin coating, exposure, development, and wet etching. The sample and microscope image of the unit cell are shown in Figure 6 , where it can be seen that the sample consisted of a 30 × 30 unit cells, printed on the 40 × 40 mm 2 area on a quartz substrate with the thickness of 520 mm and thickness tolerance of ±10 μm. The unit cell structure had a dimensional tolerance of ±4 μm on the wide side and ±1 μm on the narrow side. The measurement setup used in the experiments is shown in Figure 7 . An Agilent N5224A vector network analyzer (Keysight Technologies, Inc., Santa Rosa, CA, USA) with N5262AW08 extender (Virginia Diodes, Inc., Charlottesville, VA, USA) was used to measure the spectral response The measurement setup used in the experiments is shown in Figure 7 . An Agilent N5224A vector network analyzer (Keysight Technologies, Inc., Santa Rosa, CA, USA) with N5262AW08 extender (Virginia Diodes, Inc., Charlottesville, VA, USA) was used to measure the spectral response of the fabricated structure. The free space measurements were used to obtain the scattering parameters in the frequency range from 110 to 140 GHz. In order to decrease the influence from the environment, the calibration was performed as follows: Firstly, calibrating the reflection amplitude on an ideal reflector. Secondly, the actual reflections from the sample were measured. Finally, compared the reflection from the sample and the reflection from the ideal reflector. In the experiments, a 1 kHz square wave with the maximum voltage of 10 V was energized between the ground and patches. of the fabricated structure. The free space measurements were used to obtain the scattering parameters in the frequency range from 110 to 140 GHz. In order to decrease the influence from the environment, the calibration was performed as follows: Firstly, calibrating the reflection amplitude on an ideal reflector. Secondly, the actual reflections from the sample were measured. Finally, compared the reflection from the sample and the reflection from the ideal reflector. In the experiments, a 1 kHz square wave with the maximum voltage of 10 V was energized between the ground and patches. The orientation of molecules decided the permittivity of the LC. The rotation speed of LC molecules, which is independent on testing frequencies, is mainly determined by external voltage. The response time of the LC was investigated by measuring voltage-transmission curves in transparent test cells made with the same spacers as were used in the unit cell samples. The transmission experiment was realized with a HeNe-laser source and photodetector. As expected in test cells with a relatively large cell gap, a response time of 200 ms was found. The response times can potentially be pushed by including a small amount of in-situ generated polymer or copolymer in the samples [25] [26] [27] [28] .
The measured reflection amplitude at different voltages is presented in Figure 8a , wherein it can be seen that by increasing the bias voltage, the resonant frequency changed from 132 GHz (0 V bias) to 116 GHz (10 V bias). At the bias voltage of 10 V, most of the LC molecules were oriented parallel to the electric component of the static electric field, resulting in the relative permittivity similar to ε//. The loss of device is consisted of the ohmic loss in the copper layer, the absorption loss in the quartz plate and the LC layer, and resonant loss [29] . The test results also include the loss in free space, scattering loss, and receiving loss. As shown in Figure 8b , the simulation of reflection amplitude at different dielectric properties is obtained. The orientation of molecules decided the permittivity of the LC. The rotation speed of LC molecules, which is independent on testing frequencies, is mainly determined by external voltage. The response time of the LC was investigated by measuring voltage-transmission curves in transparent test cells made with the same spacers as were used in the unit cell samples. The transmission experiment was realized with a HeNe-laser source and photodetector. As expected in test cells with a relatively large cell gap, a response time of 200 ms was found. The response times can potentially be pushed by including a small amount of in-situ generated polymer or copolymer in the samples [25] [26] [27] [28] .
The measured reflection amplitude at different voltages is presented in Figure 8a , wherein it can be seen that by increasing the bias voltage, the resonant frequency changed from 132 GHz (0 V bias) to 116 GHz (10 V bias). At the bias voltage of 10 V, most of the LC molecules were oriented parallel to the electric component of the static electric field, resulting in the relative permittivity similar to ε // . The loss of device is consisted of the ohmic loss in the copper layer, the absorption loss in the quartz plate and the LC layer, and resonant loss [29] . The test results also include the loss in free space, scattering loss, and receiving loss. As shown in Figure 8b , the simulation of reflection amplitude at different dielectric properties is obtained. bias) to 116 GHz (10 V bias). At the bias voltage of 10 V, most of the LC molecules were oriented parallel to the electric component of the static electric field, resulting in the relative permittivity similar to ε//. The loss of device is consisted of the ohmic loss in the copper layer, the absorption loss in the quartz plate and the LC layer, and resonant loss [29] . The test results also include the loss in free space, scattering loss, and receiving loss. As shown in Figure 8b , the simulation of reflection amplitude at different dielectric properties is obtained. The simulation and experimental results in the working frequency range are presented in Figure 9 . All phases were normalized relative phases to the simulated 0 V phase curve. The best-fit values for the LC substrate were shown to be ε ⊥ = 2.63 at 0 V and ε // = 3.67 at 10 V. There was an approximate match between the predicted shift in the resonant frequency and the normalized experimental values of the phase test at bias voltages of 1.1 V, 1.2 V, 1.5 V, 2 V, 3 V, and 10 V. By increasing the bias voltage the resonant frequency was reduced and the matching relative permittivity was increased. As shown in Figure 10 , the prototype achieved a phase shift of about 300 • over the frequency range 121.5-126 GHz (3.6% tunable rage). The maximum phase shift of 306 • occurred at 124.5 GHz. Tunable phase shift as a function of the applied voltage is shown in Figure 11 . Compared with the simulation results, the maximum phase shift error was less than 12 • in the working frequency range. This phase shift error might be caused by the following reasons. First, the device was not an infinite periodic structure as it was in the simulation, so there might be some effects caused by the boundary conditions. Second, there were finite fabrication tolerances. Third, the numerical analysis was carried out assuming the ideal LC layers, where the relative permittivity varied continuously between ε ⊥ and ε // . The assumption of isotropy and homogeneity for each state of the relative permittivity of the LC in the cell might produce a small interfering resonance within the reflected field. The simulation and experimental results in the working frequency range are presented in Figure 9 . All phases were normalized relative phases to the simulated 0 V phase curve. The best-fit values for the LC substrate were shown to be ε⊥ = 2.63 at 0 V and ε// = 3.67 at 10 V. There was an approximate match between the predicted shift in the resonant frequency and the normalized experimental values of the phase test at bias voltages of 1.1 V, 1.2 V, 1.5 V, 2 V, 3 V, and 10 V. By increasing the bias voltage the resonant frequency was reduced and the matching relative permittivity was increased. As shown in Figure 10 , the prototype achieved a phase shift of about 300° over the frequency range 121.5-126 GHz (3.6% tunable rage). The maximum phase shift of 306° occurred at 124.5 GHz. Tunable phase shift as a function of the applied voltage is shown in Figure  11 . Compared with the simulation results, the maximum phase shift error was less than 12° in the working frequency range. This phase shift error might be caused by the following reasons. First, the device was not an infinite periodic structure as it was in the simulation, so there might be some effects caused by the boundary conditions. Second, there were finite fabrication tolerances. Third, the numerical analysis was carried out assuming the ideal LC layers, where the relative permittivity varied continuously between ε⊥ and ε//. The assumption of isotropy and homogeneity for each state of the relative permittivity of the LC in the cell might produce a small interfering resonance within the reflected field. 
Conclusions
In this paper, an electrically tunable F-band phase shifter based on the slot unit cells is presented. Both simulations and experiments were performed to evaluate the proposed structure. The phase shifter with the printed unit cell provided a phase range greater than 300° within a 3.6% bandwidth for typical values of LC anisotropy. Therefore, the presented LC-based phase shifter has potential applications in the millimeter and terahertz reconfigurable reflectarrays.
